In the Andes, little is known about the relationships among current land uses and their effect on soil fertility. Corn (Zea mays L.) was used to evaluate soil quality for plant growth on soils of four land uses, along an expected gradient of fertility: native forests (Nf) > pastures (Pa) > Eucalyptus globulus Labill. plantations (Eg) > Pinus patula Schlecht. plantations (Pp). Corn was grown in soils taken from four different areas, for the four land uses in each. In a common garden, a randomized block design was used with four treatments: controls (C), ammonium nitrate (N), triple superphosphate (P), and combined N and P fertilizers (N + P). On soils from Nf, Pa and Eg, fertilization response was N + P > P > N > C; corn biomass (g/pot −1 ) averaged 4.5 in N + P, 3.3 in P, 1.8 in N, 1.7 in C; P content (mg/pot −1 ) averaged 12 in N + P, 11.9 in P, 2.3 in N, 2 in C. N + P enhanced growth the most. Mortality was high on Pp soils, growth weak, and fertilization response was P > N + P > C ≥ N; corn biomass (g/pot −1 ) was 0.9 in P, 0.5 in N + P, 0.8 in C, 0.4 in N; P content (mg/pot −1 ) was 4.4 in P, 2.3 in N + P, 1.8 in C, 1 in N. All soils had P, K, Ca and Mg deficiencies. Al toxicity possibly occurred only in Pp soils. All control soils had low fertility. Responses to N and P were high except for Pp. Pastures and plantations were once natural forests converted to agriculture, then to pastures as soil fertility declined. Plantations were likely established on poorest pastures; only pine grew on poorest soils. This land use endpoint has the lowest agricultural potential; other land uses * Corresponding author.
Introduction
Throughout the last five decades, the agricultural sector in the high Andes of Ecuador has experienced political and social changes that have promoted a rapid expansion of agricultural and forestry land use. On one hand, these changes have caused a reorientation of cultivation practices towards large-scale agri-businesses motivated by increased food exportation [1] [2] . On the other hand, small to medium-sized farmers (from <1 ha to 5 ha) are putting demands on land with soils that are already nutrient-limited in most of the Andes, due to intensive cultivation and pasturing, afforestation and soil erosion processes [3] - [5] . The increase in land use without regard to soil nutrient replenishment by both large-scale farming enterprises and small to medium sized farmers has, in turn, led to the rapid decline of soil fertility and possibly to an irreversible transformation of native forests into farmlands, pastures or tree plantations [6] - [10] .
The loss of soil fertility, increased rates of rainfall runoff and accelerated water erosion in the high Andes are current and serious concerns [11] . Evidence from the northern and central Ecuadorian Andes suggests that present-day soil conditions generally show nitrogen and phosphorus deficiencies that may limit agricultural use, with phosphorus as the principal limiting factor [3] [12] . However, P deficiencies are also linked to the properties of volcanic ash soils in the highlands of Ecuador [7] [13] [14] . Volcanic ash soils have important P pools in organic forms [15] . However, inorganic forms are readily fixed and adsorbed [16] due to the presence of amorphous sesquioxides of Fe and Al, and organometallic complexes in these soils [17] [18] .
The exotic trees Eucalyptus globulus Labill. [19] and Pinus patula Schlecht. are widely preferred in local forestry plantations because of their fast growth, timber production and their use in pilot carbon sequestration projects [20] [21] . Our extensive analysis of soil properties in various land use situations [10] suggests that plantations of P. patula may be the last stage in a sequence of soil degrading land uses, beginning with cutting of the original native forest stands, through agricultural crop production and eventually pasturing, which have resulted in sequential soil degradation and impoverishment. Pastures are presently the dominant land use type in the landscape among scattered remnants of second growth native forests. Pasture soils may be so poor as to be only suitable for planting with tree species tolerant of low soil nutrients, such as P. patula [10] . The situation of E. globulus plantations is more complex because they have generally been planted at lower elevations where environmental conditions are less extreme and better soils are found [19] . We have hypothesized that previous land use has lowered soil productivity independent of the type of vegetation cover; however, it is also very likely that there has been a general degradation of soil properties caused by P. patula and its litter, especially through the effect of lower soil pH and cation concentrations [10] .
Identifying which soil nutrients are most affected by the various types of land use and the extent to which soils have lost their agricultural potential (plant biomass production capacity) has important implications for future land use planning. Of particular concern is whether subsequent rotations of P. patula can be established, or if a return to pasture or annual crops is possible.
Therefore, the objective of this study was to measure the growth of a common Andean agricultural crop, corn (Zea mays L.), in soils from several common Andean land use types, varying from native forest stands, pastures, and to exotic tree plantations (E. globulus and P. patula). Furthermore, we measured the effect of phosphorus and nitrogen fertilization on corn grown in these soils to see if growth was improved. Specifically, the following hypotheses were formulated: 1) generally, P will be more depleted than N in these volcanic ash Andean soils; 2) P depletion will increase with: a) increasing intensity of soil use or history of use (shown by a stronger effect of fertilization on corn growth), or b) the presence of non-native vegetation (exotic plantations > pastures > native forests); and 3) soils from pine plantations will produce slower growth of corn and less reaction to N and P fertilization than soils from eucalyptus plantations because of their lower soil pH and cation concentrations.
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Materials and Methods
Bioassay of Soils
Soils from four different land use types were sampled in four geographically different regions where the same four land use types were present, within and out of the Paute watershed in the southern Ecuadorian Andes (Figure 1) . The four land use types were: 1) second growth native forest (Nf), 2) pasture (Pa), 3) Pinus patula Schlecht. plantation (Pp), and 4) Eucalyptus globulus Labill. plantation (Eg). Land use types from all regions were located at an average elevation of 3135 m, and ranged between 2950 m to 3450 m. Regions 1 and 2 ( Figure 1) are located in the central mountain chain and receive the influence of rain-laden air from the Amazon basin. In these regions, large differences in elevation cause higher orographic precipitation than in the rest of the watershed. The total annual rainfall averages between 1050 mm and 1700 mm [22] . Regions 3 and 4 are located in the south of the Paute watershed. Here, total annual rainfall ranges between 660 mm and 1100 mm [22] (Figure 1 ). According to Buytaert et al. [18] the soils in the northern part of the Paute watershed are classified as Histic Andosols (Regions 1 and 2), and as Dystric Histosols in the southern part of the watershed (Regions 3 and 4) because of lower soil Al and Fe content (Figure 1) . Buytaert et al. [18] described these soils as very darkly colored humic soils, due to the effect of a cold wet climate, and the formation of organometallic complexes driven by a stronger effect of Holocenic volcanic ash (from the Quaternary volcanic activity in the northern Andes of Ecuador). The influence of volcanic ash diminishes towards the south of the Paute watershed, where climate alone is probably responsible for the accumulation of organic soil matter. Organic matter accumulation also determines the high porosity and water retention capacity of these soils. These highland soils have developed on Cretaceous and early Tertiary sediments on the western mountain chain. On the eastern mountain chain, soils have developed on volcanic deposits and on Palaeozoic metamorphic rocks [9] [18] [23] . All sites that were sampled had similar slopes and quality of soil drainage. For the native forests and E. globulus plantations, no age assessment was possible. The native forests were currently being used for selective fuel wood extraction, and the E. globulus plantations were growing in their second or third resprouting stages. The P. patula plantations ranged in age from 15 to 17 years. All were first rotations, and no fertilization had occurred. All pastures from which soil samples were taken were actively used by grazing cattle. The choice of the forested stands was made according to: 1) closed canopy and the presence of shrubs and trees taller than four meters with trunk diameters at breast height (DBH) ≥ 5 cm for the native forests, and 2) stands with trees of homogenous DBH (≥20 cm) for the plantations.
Soil Sampling, Sample Preparation and Experimental Design
In each of the land use types, for each of the four regions, a 20 m × 20 m plot was established. Approximately 0.05 m 3 of soil was collected from the first 20 cm of surface soil in five sub-sampling points within each of the plots (four corners and the centre of the 20 m × 20 m grid). Soils from each of the sub-sampling points were pooled into one sample for each plot and transported to a common garden in the Río Mazán preserve (Region 2, Figure 1 ). Soils were sieved through a 1 cm mesh, removing roots, macro-fauna, and large rocks. Plastic pots (5 L total volume) were pierced on the bottom, and silica was added to approximately 1 L volume to facilitate drainage. The remainder of each pot was filled with 4 L of soil. A portion of soil per pot was taken to the laboratory for chemical analyses.
A randomized block design was established so that each of the four regions corresponded to each of four blocks ( Figure 2 ). Within each of the blocks, each of the four land use types of soils were divided in four sub-units (four pots) and subjected to four separate treatments (control, nitrogen, phosphorus, and N + P fertilizers). This design produced 16 randomly distributed combinations of controls and three fertilizer treatments using four land use types of soil per block (4 regions (replicates) × 4 land use types × 4 treatments = 64 experimental units) (Figure 2) . The four blocks consist of soils from the four regions and serve as replicates. Subsequently, six corn (Zea mays L.) seeds obtained from a local market were planted in each of the pots. The pots were monitored daily and the first two seeds that germinated were left to grow; the other seeds/seedlings were removed; this gives two corn plants per pot, in each of the 64 pots that were analyzed in this experiment. Fertilizer treatments were made once a week during 98 days (March and June 1999). N-fertilized soils received weekly additions of 175 mg of N (ammonium nitrate-NH 4 NO 3 fertilizer). P-fertilized soils received weekly additions of 110 mg of P (triple superphosphate-Ca(H 2 PO 4 ) 2 •H 2 O fertilizer). Triple superphosphate has 13% of Ca, which also gives a total of 65 mg of Ca added weekly to P-fertilized soils. NP-fertilized soils received weekly 87.5 mg-N, 55 mg-P and 32.5 mg-Ca (half of ammonium nitrate and triple superphosphate combined fertilizers).
Laboratory Analyses
At the end of three months, each of the two plants of Zea mays L. per pot was carefully separated from the soil and washed. Each plant consisted of leaves, stem and roots as flowers or fruits were absent at this immature plant state. Each plant was taken to the laboratory in individual sealed plastic bags.
Plant tissues were oven dried at 50˚C for 72 hours. Each individual plant was weighed separately to measure biomass. For chemical analyses, the two plants of each pot were combined into one sample. Tissues were Figure 2 . Physical layout of corn bioassays in a randomized block design. Each of the four regions corresponds to each of the four blocks (replicates). Within each of the blocks, each land use type soil (Nf = native forest, Pa = pasture, Eg = Eucalyptus globulus plantation and Pp = Pinus patula plantation) was divided in four sub-units (four pots) and subjected to four treatments (C = control, with no fertilizer; N = nitrogen fertilizer; P = phosphorus fertilizer; N + P = N and P fertilizers), giving 16 randomly distributed combinations of soils (pots) and fertilizer applications from four land use types per block.
ground to a fine powder in a cutting mill. Sub-samples of 0.2 g (for some smaller samples weight was recorded and the entire sample was used) were placed in digestion tubes with a solution composed of Li 2 SO 4 , selenium powder, H 2 O 2 30% and H 2 SO 4 18 M [24] . Digestion tubes were placed on a preheated (200˚C) digestion block. The temperature was gradually increased to 340˚C and samples were digested at this temperature for two hours. After digestion, each tube was brought to the same volume and analyzed for K, Ca, Mg and Mn by atomic absorption. Total N and P were analyzed by Flow Injection Analysis (TecatorFIAstar 5020 Analyzer).
Soil samples were air dried in a dark room at 14˚C. After air drying, they were passed through a 2 mm sieve for all extractions except for 4 PO − , for which a sub-sample was ground to pass through a 150 µm sieve. [27] , using NH 4 F 0.03 N + HCl 0.1 N, and analyzed by spectrophotometer. The percent soil organic matter content (% SOM) was estimated by loss on ignition after combustion in the oven at 550˚C for two hours [28] . Soil pH was determined from a 1:2 soil:water solution using a glass electrode.
Statistical Analysis
All plant tissue and soil variables were analyzed by a nested analysis of variance and a method for the determination of residual error [29] . Prior to ANOVA, data were tested for normality assumptions. If normality assumptions were not met, rank transformations were used. Following ANOVA, differences between means were tested using the Tukey means comparison test. Statistically significant differences are denoted by different letters between land use types (horizontally in tables) and between treatments (vertically in Table 3 ). All statistical analyses were done using SAS [30] .
Results
Treatment, Land Use and Region Effect
For all of the soil chemical properties, the analysis of variance revealed a strong and significant effect of land use (p < 0.0001; Table 1 ) over the effect of region for which no statistical significance was revealed ( Table 1) . Land use (p = 0.016; Table 1 ) and region (p = 0.033; Table 1 ) effects were present for soil organic matter only, with stronger land use effect than region effect.
For the corn biomass and biomass nutrient content after conclusion of the bioassay experiment, the analysis of variance revealed a very strong treatment effect (p < 0.0001; Table 1 ) for all variables, but more importantly very highly significant land use effects for total biomass (p = 0.001; 
Soil Characteristics
From the four land use types, across the four regions, statistically significant differences were found for the soil variables that are linked to the pH. Soil pH, Ca and Mg concentrations were statistically lowest in pine soils, whereas 4 NH + -N, Al and Fe concentrations were highest (p ≤ 0.05; Table 2 ). In contrast, native forest soils had significantly higher Ca and Mg concentrations than pine soils (p ≤ 0.05; Table 2 ), but also higher coefficients of variation ( Table 2) . Only exchangeable Ca and Mg concentrations were higher in native soil compared to the soils of other land uses. Pasture and eucalyptus soils had the highest pH, and lowest Fe concentrations in comparison to the other soils. Pasture soils also had the lowest 4 NH + -N concentrations. Eucalyptus soils also had higher and comparable Mg concentration as in native forest soils with respect to the other soils (p ≤ 0.05). For the rest of soil variables there were no significant differences among land use types ( Table 2 ).
Corn Survival and Biomass
Corn mortality occurred only in pine soils. Percent mortality of corn grown in soil from pine plantations and subjected to fertilizer treatment was: N = 75% > C = 50% > NP = 38% > P = 25%. One corn seedling survived in each pine soil pots given N-treatment in two blocks, and none survived in the other two blocks. In the P-treated pine soil pots, one seedling died in only one block out of four. This high mortality rate did not allow averages to be made of two plants to assess biomass and nutrient contents per plant as it did in all other experimental groups. Instead, individual values for corn biomass were summed when two plants survived per pot. When only one plant survived, this single biomass value was used. Therefore, data for biomasses and nutrient contents in Table 3 represent the actual production per pot. Total corn biomass was statistically different among land use types only with the NP-treatment. Biomasses of corn were always significantly lower when grown in pine soils than if the corn were grown in native forest soils, with NP-treatment in both (p ≤ 0.05; Table 3 ). Between pasture and eucalyptus soils, corn biomasses were comparable and not significantly different from those in native forest or pine soils. Treatment effects showed a consistent increase of corn biomass with P-or NP-treatments compared to the N-or control treatments in all soils (statistically different at p < 0.01; Table 3 ), with NP-treatment producing higher corn biomass than Ptreatment in native forest, pasture and eucalyptus soils, whereas P addition produced higher corn biomass than NP addition only in pine soils ( Table 3) .
Corn Nutrient Content
Corn total N, total Ca and Mg were consistently and significantly higher in native forest soils than in pine soils with NP-treatment (p ≤ 0.05; Table 3 ). The same pattern, although with no significant differences, was found for total P, and total K. Total N was significantly higher for corn grown in eucalyptus and pasture soils, and lower in pine soils with N-treatment (p ≤ 0.05; Table 3 ). Total N was not significantly different in native forest soils compared to the other land use type soils. For all other treatments and nutrients, statistically significant differences were absent among land use type soils. Within land use types, significant treatment effects were absent for corn N, P and K in pine soils and corn K in all land use type soils. In soils from native forest, pasture and eucalyptus land use types, corn N significantly increased only with the NP-treatment, whereas the N-treatment produced a corn N content very similar to that of the P-or control treatments (p ≤ 0.01; Table 3 ). Corn N content remained low and similar with all treatments in pine soils ( Table 3) .
Corn P, K, Ca and Mg contents increased according to the incremental increase in corn biomass ( Table 3 ) with P additions either with P-or NP-treatments in native forest, pasture and eucalyptus soils, whereas these nutrient contents decreased with either N-or control treatments (p ≤ 0.01; Table 3 ). In pine soils, the pattern is different, corn P, K, Ca and Mg contents considerably increased only with the P-treatment, and not with the other treatments (statistically significant differences present only for corn Ca and Mg at p ≤ 0.01; Table 3 ).
Comparisons of nutrient concentrations in corn leaves analyzed in this experiment with critical nutrient concentration standards revealed nutrient deficiencies ( Table 4) . Critical nutrient concentration standards for corn presented in Table 4 are taken from data collected in Ontario, Canada [31] , since no data could be found for Ecuador. Critical N concentration levels were found for corn grown in all land use type soils, except pine soils, in control and P-treatments. Critical P concentrations were found in corn grown on pasture and eucalyptus soils Table 3 . Comparison of corn biomass and corn nutrient content after bioassay on soils from four land use types and under four fertilizer treatments in southern Ecuador (n = 4; for P. patula soils, n specified left of each mean). in the control and N-treatments. Critical K and Ca concentrations were found in corn grown in pine soils only, irrespective of treatment (except for Ca in P-treatment). Corn foliar Mn concentration was above maximum normal level in pine soils for control and P-treatments.
Discussion
The high mortality rate and low response to fertilization in Pinus patula plantation soils indicate a low potential for agriculture on these soils. In contrast, there was a 100% survival rate of corn in all other soils and treatment groups. Generally, corn growth responded to P and NP-fertilizers in soils, excluding those from the pine plantations ( Table 3) . There was no response in the N-treatment and growth was very similar to the one found in control soils. The combined effect of N and Table 3) . The very low biomass of corn grown in control soils from all the land use types sampled in this study indicates a loss of agricultural potential through the reduction of soil fertility, which has lead to fertilization dependency to No critical concentration was given for Ca in OMAF [31] ; we estimated a critical concentration for Ca, using P, K and Mg (average critical conc./max. normal concentration ratio for P, K, Mg = 0.31; Ca max. normal conc. × 0.31 = 0.47). sustain crop production. For example, experiments with potatoes grown in Ecuadorian Andisols required P applications every cycle to obtain adequate yields [13] .
The results presented here do not show that N and 4 PO − supply was limited in pine soils. Corn foliar concentrations of N and P are above critical levels in corn grown in pine soils, although they were below critical levels in corn grown in control soils of almost all other land use types ( Table 4) . The trends seen for increased corn biomass were too small to be statistically significant (ex. effects of P additions are observed in corn P and cation contents). This suggests that growth was limited by other factors than N or P, such as Al toxicity. Exchangeable Al was higher and pH lower in these soils, although differences were not significantly different with all other land use types. Other causes of the limited growth response to fertilizer N and P on pine plantations soil may be possible, for example allopathic effects or the effect of pathogens.
The contents of P, Ca and Mg, but not K, statistically increased with P additions as opposed to N additions. One hypothesis is that 4 PO − concentrations regulate Ca and Mg uptake by controlling the efflux pump in crops [32] . At low 4 PO − concentrations, effluxes of Mg and Ca were reported from roots in wheat and tall fescue crops [33] . Foliar concentrations of K and Ca in corn grown on pine soils, irrespective of treatment (except for Ca in P-treatment) are below critical levels, whereas Mn is above maximum normal concentration in the control and P-treatments ( Table 4) . In pine soils, the effect of the Ca contained in the P-fertilizer treatment was to reduce soil acidity, and perhaps Al toxicity, and is likely to have improved corn growth, although we cannot separateit from the direct effect of P. However, pine soil deficiencies, especially K and Ca, were not eliminated to attain better growth. We can observe large increases of K content in corn, although not statistically significant, with P and NP-treatments in pasture and eucalyptus soils ( Table 4) .
With regard to soil properties of the land use types reported here, the differences in corn biomass production and nutrient content are better compared between native forest, pasture and eucalyptus soils, exclusive of pine soils, which always produced lower biomass and nutrient contents, and can thus be considered to have lower productivity and fertility than all the other soils. Soils from native forests, pastures and eucalyptus plantations produced similar corn biomass and had similar nutrient contents, although some cation deficiencies are likely in pasture and eucalyptus soils. Corn accumulated statistically more N and P in the N-treatment grown in pasture soils than in pine soils, although its biomass was comparable. These results suggest additional deficiencies in the availability of other nutrients, such as K, Ca and Mg, because of a N and 4 PO − enrichment in the absence of increased growth [34] .
The results presented in this paper show that nutrient deficits impeded corn growth. Whether or not specific P and N deficiencies are present among the different land use types studied, soil deficiencies are indeed present at the land use level for K, Ca, and Mg. In the case of the soils associated with pine plantations, reduced K, Ca and Mg seems to be aggravated by a lower pH. We can conclude that fertilizer applications in the studied soils should include K, Ca and Mg in order to increase pH and to enhance SOM mineralization. Long term studies of soil phosphorus application [35] , soil liming [36] and the application of organic amendments should be investigated for these soils.
The bioassay response to N and P fertilization indicated a low potential for agricultural production without nutrient amendments on all land use types. This potential was lowest for pine plantations and was not restored with N and P application. It is difficult to tease apart the role of inherent low soil nutrient availability from that of land uses. Nevertheless, it is likely that all land use types have been subjected to past impacts that have lowered soil fertility. Pine plantations represent an end point that may combine originally poor site and soil conditions with non-sustainable former land uses. Because agriculture, grazing pasture, afforestation of degraded lands and exotic forestry production continue to rise in the Andes of Ecuador, these results have far-reaching implications for sustainable land use management by large-scale agri-businesses, medium and small-sized farms, as well as government agencies interested in crop productivity. If better land use management is not practiced, soils will continue to decline in fertility, causing a continued decrease in agricultural productivity.
